A naphthalene-based fl exible macrocycle, namely oxatub [4]arene, has been presented. This "smart" macrocycle can adopt four deep-cavity conformations through the fl ipping of one or two naphthalene units. These conformers vary in size and shape, and show diff erent binding affi nity toward the same guest. Thus, one specifi c guest selects the best-fi t conformer(s) to achieve the optimal binding. This unique macrocyclic host may further enrich the toolbox of supramolecular chemistry.
Introduction

Macrocyclic receptors
1 are the major workhorses in supramolecular chemistry. These compounds not only contribute to the basic understanding on molecular recognition, 2 but also nd applications in molecular machines and devices, 3 supramolecular polymers, 4 stimuli-responsive materials, 5 and drug-delivery systems. 6 During the last decade, a number of new macrocyclic receptors with novel properties have been reported, including heterocalix [n] For a given guest or purpose, one of these macrocycles will be the best. Minor structural change of guests or a different kind of guests may signicantly affect the corresponding binding affinity. No one macrocycle is suitable for all guests or purposes.
Can we design a macrocyclic receptor at least for a broader guest binding scope or multiple purposes? One possibility is to connect several macrocycles covalently together. Thus, the resulting receptor will have all the abilities of these macrocycles. However, its synthesis is too tedious, and when binding a specic guest, only one of these macrocycles in the receptor is used and others are idle. A more ideal receptor should possess several interconvertible cavities and can choose an appropriate one for a given guest to obtain an optimal binding. Recently, we employed dynamic combinatorial chemistry 18 and constructed a pair of dynamic congurational macrocycles which can interconvert. 19 The two congurations have different cavity parameters and different guests can thermodynamically select different host isomers. Research on similar but covalent receptors conrms the two isomers have very different guest preferences and binding abilities. 20 This dynamic system is already close to the "ideal" macrocycle with multiple interconvertible cavities, but it is still a complex mixture.
How can we unify several interconvertible cavities into one kinetically inert macrocycle? Conformational change may be resorted to. Calix[n]arene 21 and related compounds are well known to possess several conformations, but not all the conformers have a well-dened cavity. Even though they can interconvert, not all of them show satisfactory guest binding properties. To the best of our knowledge, this kind of smart macrocycles have not been well demonstrated. In the present research, we report a naphthalene-based macrocyclic receptor with four interconvertible and deep cavities. This macrocycle can choose an appropriate cavity for a specic guest and achieve the optimal binding.
Results and discussion
Design and synthesis of oxatub[4]arene
Naphthalene-based macrocycles are relatively rare in the supramolecular literature. 19a,20,22,23,24,25 The large p system is expected to create a macrocycle with a deep or wide cavity; however, most of known naphthalene-based macrocycles oen suffer from complicated regioisomeric products with ill-dened and shallow cavities, and rarely show satisfactory guest binding performance.
In the present research, we designed and synthesized a naphthalene-based macrocycle (Fig. 1a) The synthesis of oxatub [4] arene is straightforward (Fig. 1a ). Both the precursors 1 and 2 can be obtained in three steps from commercial materials with or without simple column chromatography. The octabutyl oxatub[4]arene (TA4) was synthesized with a reasonable yield (21%) in a one-pot reaction under a high-dilution condition. The hexamer oxatub [6] arene was also detected by ESI-MS, but remains elusive to isolation.
Properties of oxatub[4]arene
TA4 is a exible macrocycle and thus possesses numerous conformations. However, the ipping of naphthalene rings as the major activation barriers separates four representative conformations or conformational sets (Fig. 1b) . Analogous to calix[4]arene, we name these four conformers as zigzag (I), disrupted zigzag (II), 1,2-alternate (III), and 1,3-alternate (IV), respectively. In order to show the cavity's size and dimension, the models of these conformers are presented in the most expanded form by forcing all the methylene protons in the linkers directed outwards and the oxygen atoms inwards. In contrast to calix [4] arenes, all four conformers possess welldened cavities which may offer good guest binding properties. Moreover, the cavity of each conformer is different. The diameter and length of conformer I (D 2d ) are 6.2 and 10Å, respectively. This is similar to conformer II which, however, has the lowest symmetry (C 2 ). Conformer III (C 2h ) has a much deeper cavity than the other conformers, while conformer IV (D 4 ) has a much wider cavity. The differences in cavity sizes and lengths are expected to result in different guest binding preferences. According to their different symmetries, 1 H NMR can be used to distinguish them when the exchange of guests is slow on the NMR timescale. The 1 H NMR spectrum of TA4 is surprisingly simple and clean ( Fig. 2a) . It seems there is only one conformer (I or IV according to their symmetries). However, the methylene protons on CH 2 -O-CH 2 appear as a singlet, which should be two doublets (diastereotopic protons) for either conformer I or IV. Only one explanation can account for this: the two protons on the same methylene group may exchange their positions very quickly and this can only occur through a rapid ipping of the naphthalene rings. In order to slow down the ring ipping, variable-temperature NMR experiments ( 
Host-guest properties and assignments of conformations
Computations indicated all the conformers are electron-rich in their cavities (Fig. S3 †) , suggesting organic cations would be good guests. The host-guest chemistry of TA4 was initially tested with guest D2D
2+
. The 1 H NMR spectrum (Fig. 2) . These two peaks become more prominent in the case of D4D
, and dominate for D5D 2+ . The peaks are slightly broadened. In the case of D6D 2+ , proton peaks a + b split into two signals, suggesting the ring ipping and guest exchange is still slow at the NMR timescale. This conclusion is supported by use of the similar but monotopic guest D5 + . Accordingly, the new conformer can be assigned to either conformer I or IV. That is, both conformers I and IV coexist in the cases of D3D 2+ and
D4D
2+
. In contrast, TA4 shows similar binding behaviors to guest series 1D1 2+ -12D12 2+ (Fig. 3b and S22 †) . For 1D1
, all the peaks of TA4 appear to be broadened. A slow exchange is supported by the split of proton signals a + b of the NMR spectrum at room temperature and À20 C (Fig. S33 †) . Aromatic protons appear as two peaks, again suggesting the existence of either conformer I or IV. With 2D2
, the TA4 appears as two sets of signals and one set is sharper than the other. For the guests with longer alkyl groups, the sharper signals become predominant. The peak patterns again suggest the existence of conformer I and/or IV. We compared the NMR spectra of these two guest series (Fig. S34 †) , and found that all the sharp peaks appear at almost the same chemical shis and all the broadened peaks do too.
These results strongly support conformers I and IV are mainly involved in the binding of these two guest series.
In order to distinguish between conformers I and IV, we resorted to 2D NMR spectroscopy. As shown in Fig. 4 , the models of conformers I and IV require that: in conformer I, proton 2 is in close proximity to proton b but farther away from proton a; while in conformer IV, proton 2 is close to both protons a and b in space. Thus, ROESY NMR experiments were performed on D2D (Fig. S41 †) were similar to that of D2D 2+ @TA4. While for 1D1 2+ @TA4, proton 2 had a NOE effect with both protons a and b, indicating the predominance of conformer IV. These assignments are in line with the ROESY NMR spectrum of D5 + @TA4 in which both conformers I and IV are observed. It is also supported by the peak line-shapes in the NMR spectra: the NMR peaks of conformer IV are all broadened while the peaks of conformer I remain sharp, since conformer IV has a larger cavity with faster guest exchange kinetics. From guest D2D 2+ to D5D 2+ , conformer I was gradually converted to conformer IV. With even longer linkers, this trend was reversed ( Fig. S5 and S16 †) . From 1D1 2+ to 3D3
, conformer IV was gradually replaced by conformer I and another conformer. This is the conformational response of the host to the structural changes of guests.
For guests 4D4
2+ -12D12 2+ (Fig. S22 †) , besides the major peaks assigned to conformer I, there are many small peaks which have similar intensity and should belong to a single conformer of TA4. This conformation can be assigned to conformer II, since conformer II has the lowest symmetry (C 2 ) and should show eight doublets for its aromatic protons. This is more clearly seen in the case of ADA 2+ ( Fig. 3b and S35 †) . For all (Fig. 5a ) and thwarts assignment of the host conformation. Two measures were taken to circumvent this problem: (a) decreasing the temperature; (b) attaching sizable (but not too large) end groups. Both ways worked efficiently to slow down the exchange. At À20 C, all the peaks become signicantly sharpened (Fig. 5b) . The peak pattern suggests conformer III (C 2h with bulky end groups (Fig. 5c) , the conformer III is also the major structure but conformer II can be identied to account for 30% of TA4. Conformer III has a long and narrower cavity and ts perfectly to such thin guests. ROESY NMR of AVA 2+ @TA4 (Fig. S41 †) supports this assignment and the assignments of I and IV as well: conformer III has both NOEs involved in conformers I and IV, and the NOEs are exactly the same as those observed in these two conformers.
Single-crystal structures
Single crystals of MeV 2+ @TA4 and 1D1 2+ @TA4 were obtained by slow vapor diffusion of diethyl ether into the solutions in the 1 : 1 mixture of MeCN and CH 2 Cl 2 . The structures of TA4 (Fig. 4d and e and S54-S62 †) were clearly shown to be in conformations III and IV for MeV 2+ @TA4 and 1D1 2+ @TA4,
respectively. This further consolidates the above assignments. For conformer IV, both enantiomers appear in pairs in the solid state (Fig. S61 †) . The binding mode is almost the same as those revealed by molecular modelling: 1D1 2+ is nested and tipped in the cavity; MeV 2+ is threaded through and forms a [2]pseudorotaxane. In both structures, the oxygen atoms of CH 2 -O-CH 2 are inwardly directed and multiple C-H/O hydrogen bonds 27 are detected, supporting a non-innocent role for these linkers.
In addition, C-H/p 28 and cation/p interactions 29 are also observed. Charge-transfer interactions were detected for MeV 2+ @TA4 by UV-vis spectroscopy ( Fig. 6 and S63 †).
Thermodynamic parameters
For all the guests shown above, one conformer or a combination of two or three conformers of TA4 is selected, and some examples are shown in Fig. 7 However, their association free energies are not very different. Consequently, the conformational reservoir of the host shows conformational responses to different guests and thus maximizes the association free energy. Although the association free energies were changed only slightly, the binding entropies and enthalpies show much more drastic changes. In addition, the entropic contribution is large for all the guests, presumably due to the release of the solvent molecules in the host and the solvated guest during binding.
Conclusions
In summary, we report a new smart macrocyclic receptor, namely oxatub [4] arene. This macrocycle has four representative conformations, resulting from the ipping of naphthalene panels. Each conformer possesses a deep, well-dened cavity but their cavity sizes are different. Different guests select a single host conformer or a combination of conformers. All four conformers have been observed when different guests are applied, and characterized by 2D NMR and X-ray single crystallography. In the crystal structures, the oxygen atoms of CH 2 -O-CH 2 are directed into the cavities and multiple C-H/O hydrogen bonds are detected, supporting a non-spectator role for the linkers. In addition, C-H/p, cation/p, and chargetransfer interactions are observed. Thermodynamically, the differences in association constants for different conformers to the same guest are greater than one order of magnitude. The host shows conformational responses to the structural changes Fig. 7 Summary of guest-selected predominance of one of the four conformers of TA4. Butyl groups in the models were abbreviated to methyl groups for viewing clarity. of guests, which maximizes the association free energy compared to that expected for those macrocycles with a single cavity. More generally, there are several consequences for the macrocycles with multiple interconvertible cavities: (a) the combination of several cavities into one macrocycle certainly expands its guest binding scope and improves the tolerance of structural change of guests. But low guest selectivity can also be expected; (b) at least three of the four conformations can be selected to predominate by appropriate guests for oxatub [4] arene. The alkyl groups on oxatub [4] arene are oriented in different patterns for different conformers. Thus, the guestcontrolled transition among these conformations causes the allosteric change 30 of the alkyl groups on the host. When replacing the alkyl groups with functional groups, this may be applied to the construction of molecular machines and devices and stimuli-responsive supramolecular materials; (c) the present macrocycle is not just another exible macrocycle whose conformation can be tuned during binding through an induced-t mechanism.
31 Once the cavities are occupied by guests, these conformers cannot interconvert, since the ipping of naphthalene has to occur through the cavity which has little free space; (d) in the context of systems chemistry, 32 the multiple conformations constitute a complex network, providing the possibility for complex functions. In summary, we believe this unique macrocyclic receptor further enriches the toolbox of supramolecular chemistry and may nd wide applications in the near future.
